Abstract.-The evolutionary timescale of angiosperms has long been a key question in biology. Molecular estimates of this timescale have shown considerable variation, being influenced by differences in taxon sampling, gene sampling, fossil calibrations, evolutionary models, and choices of priors. Here, we analyze a data set comprising 76 protein-coding genes from the chloroplast genomes of 195 taxa spanning 86 families, including novel genome sequences for 11 taxa, to evaluate the impact of models, priors, and gene sampling on Bayesian estimates of the angiosperm evolutionary timescale. Using a Bayesian relaxed molecular-clock method, with a core set of 35 minimum and two maximum fossil constraints, we estimated that crown angiosperms arose 221 (251-192) Ma during the Triassic. Based on a range of additional sensitivity and subsampling analyses, we found that our date estimates were generally robust to large changes in the parameters of the birth-death tree prior and of the model of rate variation across branches. We found an exception to this when we implemented fossil calibrations in the form of highly informative gamma priors rather than as uniform priors on node ages. Under all other calibration schemes, including trials of seven maximum age constraints, we consistently found that the earliest divergences of angiosperm clades substantially predate the oldest fossils that can be assigned unequivocally to their crown group. Overall, our results and experiments with genome-scale data suggest that reliable estimates of the angiosperm crown age will require increased taxon sampling, significant methodological changes, and new information from the fossil record.
Flowering plants (Angiospermae) are among the most successful groups on Earth, in terms of both the rate and scale of their diversification. Estimates of angiosperm diversity range from 223,300 (Scotland and Wortley 2003) to 422,127 (Govaerts 2001 ) described species, with perhaps 20% more yet to be discovered (Joppa et al. 2011) . Angiosperms play an important role in the environment and have important mutualistic relationships with many groups of organisms, the most obvious being pollination interactions with insects, birds, and small mammals (Thien et al. 2009; Rosas-Guerrero et al. 2014) . To understand how angiosperms rose to dominance, including how the crucial morphological traits that led to their success first evolved, requires both precise and accurate estimates of the angiosperm evolutionary timescale.
Prior to the availability of genetic data, evolutionary timescales were inferred exclusively using fossil occurrence data. The oldest known fossil that can be confidently assigned to the stem group of angiosperms has been dated to 247.2-242.0 Ma (Hochuli and FeistBurkhardt 2013) . However, because these fossils cannot be attributed safely to the crown group of angiosperms, they do not inform us on their crown-group age. Monosulcate pollen microfossils with reticulatecolumellar structure have been found in Valanginian to early Hauterivian sediments. Although these fossils might be stem relatives of angiosperms, they have usually been interpreted as evidence that crown-group angiosperms already existed in the early Cretaceous (∼139. , with many other angiospermous microfossils occurring by the Barremian (∼130.8-126.3 Ma; Doyle 2012) . Within the crown group, there are noticeable disparities among the fossil records of different lineages, particularly at the family level and below.
Molecular dating techniques provide complementary means of estimating the evolutionary timescale of angiosperms. However, methodological complexity and resource limitations have usually forced a trade-off between taxon sampling and gene sampling (Fig. 1) . Maximizing the number of taxa, rather than the number of loci, is beneficial for investigations of diversification rates (Heath et al. 2008) , but a small sample of loci might fail to capture sufficient phylogenetic signal or to allow reliable estimation of evolutionary rates. Maximizing the number of genes at the expense of taxon sampling increases the number of informative sites, and can allow more accurate estimation of evolutionary rates. Phylogenomic studies of plants have provided important insights into the relationships among angiosperms (Wickett et al. 2014; Zeng et al. 2014 ), but, in general, increasing the amount of data leads to a rapid decline in the marginal improvements in the uncertainty of age estimates (dos Reis and Yang 2013) . However, the sparse taxon sampling that is normally required for phylogenomic studies can reduce the number of nodes available for fossil calibration, and affect the estimation of macroevolutionary parameters, the degree of tree balance, and the performance of phylogenetic inference Magallón et al. (2015) , (b) Bell et al. (2010) , (c) Magallón and Castillo (2009), (d) this study, (e) Smith et al. (2010) , (f) Schneider et al. (2004) , (g) Magallón et al. (2013) , (h) Moore et al. (2007) , (i) Magallón and Sanderson (2005) , (j) Laroche et al. (1995) , (k) Clarke et al. (2011) , (l) Goremykin et al. (1997) , and (m) Soltis et al. (2002) . Despite meeting our criteria for this plot, the study by Zanne et al. (2014) is omitted to allow a clearer comparison of the chosen studies. (Heath et al. 2008) . Therefore, there is uncertainty about the impact of phylogenomic data on our understanding of the age of the angiosperms in particular, and on inferring their timescale of diversification in general.
As a result of differences in sampling, model choice, and calibrations, previous studies have yielded disparate estimates for the age of angiosperms, with up to 4-fold variation. The earliest molecular dating analyses found that crown-group angiosperms were considerably older than implied by the fossil record, in some cases by more than 100 myr (Martin et al. 1989) . Subsequent studies have produced date estimates ranging from 86 Ma (when considering only the third codon positions of rbcL; Sanderson and Doyle 2001 ) to 332.6 Ma (Soltis et al. 2002) , although most age estimates fall between 140 and 240 Ma. Most molecular dating studies have suggested that angiosperms arose well before the early Cretaceous, which implies a considerable gap in the fossil record (Doyle 2012) .
All molecular dating studies require the incorporation of temporal information to calibrate the estimates of rates and divergence times. This is usually done using fossil evidence, and the manner in which calibrations are implemented is known to have a strong influence on inferred ages (e.g., Inoue et al. 2010; Sauquet et al. 2012; Tong et al. 2015) . Another important aspect of molecular dating is the model of rate variation across branches. Relaxed-clock models are often used in order to account for this form of rate heterogeneity (reviewed by Ho and Duchêne 2014) , but these models might provide a poor fit to certain patterns of rate variation (Dornburg et al. 2012; Bellot and Renner 2014) . This is a particular concern for analyses of the angiosperm timescale, because of the possibility that there have been major shifts in evolutionary rates near the base of angiosperms (Beaulieu et al. 2015) . Additionally, when a Bayesian approach is used, a prior for the tree topology and node times needs to be specified. These models typically do not account for potential shifts in angiosperm diversification rates over time (but see Hagen et al. 2015) , which might lead to biases in age estimates (Beaulieu et al. 2015) . As a result, the choice of tree prior can have a significant impact on Bayesian estimates of branch rates and node times (Ho et al. 2005; Condamine et al. 2015) .
In this study, we use Bayesian relaxed-clock and penalized likelihood methods to estimate the timing of the origin and diversification of angiosperms. Our data set consists of 76 protein-coding genes from a diverse selection of 195 taxa, calibrated by a core set of 35 minimum and two maximum age constraints based on fossil evidence. We test the sensitivity of our results to 340 SYSTEMATIC BIOLOGY VOL. 66 different data-partitioning schemes, different levels of data subsampling, and potential disparities in branch rates, and to the choice of clock models, priors, and fossil constraints. By doing so, we are able to investigate the robustness of our estimate of the angiosperm evolutionary timescale, using the most comprehensive combination of taxon and gene sampling so far.
MATERIALS AND METHODS

Data Set
We obtained chloroplast genome sequences for 182 angiosperm taxa from GenBank. These were chosen so that our data set included only one representative per genus, reduced from an initial sample of 438 chloroplast genomes. Additionally, we obtained novel chloroplast genome sequences from 11 angiosperm taxa to fill taxonomic gaps and allow additional fossil calibrations to be used. These chloroplast genome sequences were extracted in silico from whole-genome shotgun libraries sequenced on the Illumina platform (see Supplementary Appendix 1). Our total data set consisted of chloroplast genome sequences from 193 angiosperm taxa, representing 86 families from 45 orders, and two gymnosperm outgroup taxa (see Supplementary Tables S1-S2 , available on Dryad Digital Repository at http://dx.doi.org/10.5061/dryad.3vj50).
We extracted 79 protein-coding genes from the chloroplast genomes for analysis, although this number varied among taxa. All genes were initially aligned using MUSCLE v3.5 (Edgar 2004) , followed by manual adjustments. We excluded three genes (inf A, ycf 1, and ycf 2) due to alignment ambiguities, leaving 76 genes for phylogenetic analysis. We then created two data sets, one with all sites included (CP123: 61,242 nucleotides) and another with all third codon sites removed (CP12: 40,828 nucleotides). This allowed us to examine the effect of saturation at third codon positions. We also filtered out any sites in the alignment at which a gap was present in 80% of the taxa to eliminate some alignment ambiguities, and because missing data can have unpredictable effects on phylogenetic inference and molecular dating (Lemmon et al. 2009; Filipski et al. 2014) . This represented 12.43% of the sites (CP12: 5076 nucleotides; CP123: 7615 nucleotides). Our final sequence alignments consisted of 53,627 and 35,752 nucleotides for the full and reduced data sets, respectively, with the proportion of gaps and completely undetermined characters in the alignment being only 3.43%.
Phylogenetic Analyses
We inferred the phylogeny using maximum likelihood in RAxML v8.0 (Stamatakis 2014) , with topological support estimated using 1000 bootstrap replicates with the rapid bootstrapping algorithm. The chloroplast genome is typically non-recombining (Birky 1995) , so we assumed that all genes shared the same tree topology. We analyzed the full data set (CP123) and reduced data set (CP12) with two main partitioning schemes: with and without partitioning by codon position. Additionally, we analyzed data set CP12 using PartitionFinder v1.1.1 (Lanfear et al. 2012) to determine the optimal partitioning scheme. We specified 152 data blocks to be compared, corresponding to the first and second codon positions of every gene, and used the greedy search algorithm with GTR+ as the specified model of nucleotide substitution. We then implemented the optimal partitioning scheme (28 data subsets) in RAxML, with the GTRGAMMA model of nucleotide substitution applied to each data subset. For further analyses, we chose to focus on data set CP12 to minimize any negative effects of saturation, but we ran replicate analyses of data set CP123 and an additional data set comprising only third codon positions as a form of comparison. The size of our data set precluded the use of some computationally intensive dating methods such as BEAST; instead, we used MCMCTREE in PAML v4.8 (Yang 2007) , which is able to reduce computational load by using approximate likelihood calculation (dos Reis and Yang 2011) . MCMCTREE requires a fixed tree topology, so for each data set we used the best-scoring trees estimated in RAxML. To investigate the presence of rate variation among branches, we compared the strict-clock model against an unconstrained (free-rates) model using a likelihood-ratio test in PAML, and found that the strictclock model was strongly rejected (p < 10 −307 ). We analyzed the data using the autocorrelated lognormal relaxed clock (Thorne et al. 1998; Kishino et al. 2001 ) and the uncorrelated lognormal relaxed clock (Drummond et al. 2006; Yang and Rannala 2006) , as well as the strict clock as a form of comparison. We compared the marginal likelihoods of duplicate runs of these clock models, and found decisive support for the uncorrelated relaxed clock (Table 1) . Hence, all subsequent sensitivity analyses were conducted using this clock model.
In MCMCTREE, it is not possible to link the clock model prior across data subsets; the branch rates are effectively estimated separately for each data subset, which precluded any partitioning by clock model. Analyzing the data using the partitioning scheme selected by PartitionFinder was not computationally feasible. Instead, we chose to focus on partitioning by codon position. We used the GTR+ model of nucleotide substitution, the most general model permitted by MCMCTREE, with among-site rate heterogeneity modelled using a gamma distribution 2017 FOSTER ET AL.-PHYLOGENOMIC TIMESCALE OF ANGIOSPERM EVOLUTION 341 with four rate categories. Posterior distributions of divergence times were estimated using Markov chain Monte Carlo sampling, with samples drawn every 5×10 2 steps over a total of 2×10 7 steps, after a discarded burnin of 2×10 5 steps. We ran each analysis in duplicate and visually inspected results in Tracer v1.6 (Rambaut et al. 2014) , ensuring that the effective sample sizes of all parameters were above 200. In total, we ran five different maximum-likelihood analyses in RAxML, one penalized-likelihood dating analysis in r8s, and 39 different Bayesian analyses in MCMCTREE (as described below).
MCMCTREE incorporates a gamma-Dirichlet prior for the overall rate parameter (). First, the average substitution rate across all loci is assigned a gamma prior. A Dirichlet distribution with concentration parameter is then used to partition the rate across loci (Yang 2007; dos Reis et al. 2014) . To investigate the sensitivity of our date estimates to the priors, we ran further analyses and varied the mean of this gamma-Dirichlet prior for the overall rate parameter by increasing or decreasing it 10-fold from what we considered to be the optimal setting of 0.1 substitutions per site per 10 8 years.
MCMCTREE also incorporates a gamma-Dirichlet prior for the degree of rate variation across branches ( 2 ), which has a different meaning in the two relaxedclock models. In the uncorrelated relaxed clock, rates for branches are independent variables from a lognormal distribution, whereas in the autocorrelated relaxed clock the density of any particular branch rate is calculated while taking into account the ancestral rate and the time elapsed (Yang 2007) . Despite the different implementations, in both clock models this parameter is used to represent the variance of the logarithm of the rate. We investigated the effect of a 10-fold increase in the mean of this gamma prior for rate variation across branches.
We also investigated the effect of varying the birth rate (), death rate (), and sampling proportion (s) parameters of the birth-death process tree prior. In MCMCTREE, the values of = 1, = 1, and s = 0 represent an extreme limit giving the uniform kernel. Under these conditions, each node has a uniform prior between ancestral and descendant nodes. Varying the birth-and death-rate parameters requires a fixed, nonzero value for s. We chose a value of 0.0005, representing a sampling proportion of 0.05% based on our sample size of 193 angiosperm taxa compared with an upper estimate of the number of angiosperm species (422,127; Govaerts 2001) . First, we set to 1 and varied to represent no extinction ( = 0), medium extinction ( = 0.5), and high extinction ( = 0.9). We then used a published estimate of the angiosperm diversification rate by Magallón and Castillo (2009) , from their analysis assuming a relaxed crown age with either low or high relative death rates (ε), to obtain values for and . This led to values of = 0.0489 and = 0 when assuming a relative death rate of 0, and = 0.42 and = 0.378 when assuming a relative death rate of 0.9. It is worth noting that under the birth-death process tree prior, extinction occurs with an equal probability across all lineages. This implies random sampling of extant lineages after nonbiased extinction, which might not always be true. To test the influence of the sampling fraction parameter (s), representing different proportions of sampling, we changed its value to 0.001, 0.01, 0.1, and 1. Increasing the value of s embodies an expectation of longer internal branches (Yang and Rannala 1997) .
Amborella trichopoda is generally recognized as the sister taxon to all other extant angiosperms, but there remain some suggestions that, instead, Amborella and Nymphaeales form the sister clade to all other angiosperms (Barkman et al. 2000; Goremykin et al. 2013; Drew et al. 2014; Xi et al. 2014; Goremykin et al. 2015) . To investigate the effect of this alternative placement of Amborella on the estimated age of angiosperms, we replicated our main analysis with Amborella constrained to be the sister taxon to Nymphaeales.
Recently, Beaulieu et al. (2015) suggested that age estimates for crown-group angiosperms have been misled because of a failure to account for large shifts in evolutionary rates near the base of angiosperms. Many early-diverging lineages of angiosperms are herbaceous annuals, a life-history trait that is suggested to lead to a higher evolutionary rate compared with woody, perennial taxa (Gaut et al. 1992; Smith and Donoghue 2008; Lanfear et al. 2013; Beaulieu et al. 2015) . We investigated the effect of this potentially confounding factor using two different methods. First, we looked for shifts in branch rates in the results of our optimal MCMCTREE analysis. This was initially done by examining rategrams, in which each branch length is proportional to the corresponding branch rate. These branch rates were plotted against the midpoint ages of branches from the corresponding chronogram, as obtained using the R package NELSI v0.21 . Second, we performed an analysis in which we excluded herbaceous lineages. To do this, we first coded all taxa as being either woody perennials or herbaceous annuals based on the Global Woodiness Database Zanne et al. 2014 ). Ancestral state reconstruction was then carried out using the make.simmap function, implementing the SYM model, in the R package Phytools v0.3-10 (Revell 2012). We removed all taxa that are currently herbaceous or were inferred to be ancestrally herbaceous, leaving 74 taxa in the data set. The resulting tree was analyzed in MCMCTREE with the same parameter choices as in our main analysis of data set CP12.
As a means of assessing the impact of increased gene sampling on divergence-time estimates, we repeated our analyses using subsamples of the genes within our data set. First, we sampled only three of the most commonly used plastid genes: atpB, matK, and rbcL (third codon positions excluded). Second, we sampled only the 11 plastid genes used by Soltis et al. (2011): atpB, matK, ndhF, psbB, psbT, psbN, psbH, rbcL, rpoC2, rps16 , and rps4 (third codon positions excluded). Third, we drew a random subsample of 20, 30, 40, 50, 60 , and 70 genes to examine how our date estimates responded 342 SYSTEMATIC BIOLOGY VOL. 66 to increases in the size of the data set. We analyzed all data subsamples in MCMCTREE using the same tree topology and parameter choices as in our main analysis of data set CP12.
We compared our Bayesian estimates of the angiosperm evolutionary timescale with those made using penalized likelihood. To do this, we used RAxML to obtain 100 bootstrap phylograms from data set CP12. We then estimated the divergence times on these trees using r8s v1.8 (Sanderson 2003) , using the same fossil calibration scheme as in our main Bayesian analyses. The optimal value of the smoothing parameter was estimated using cross-validation on the best-scoring tree from RAxML.
Fossil Calibrations
The accuracy of molecular dating relies on the careful selection of calibrations. We only included fossils that (i) have been placed in groups based on phylogenetic analysis, (ii) can unequivocally be placed in a group based on synapomorphies, and/or (iii) have had their phylogenetic placement reviewed or critically examined in previous studies (Magallón and Castillo 2009; Martínez-Millán 2010; Massoni et al. 2015b ). We chose primarily to include calibrations as uniform age priors with soft or hard bounds, with fossils providing minimum age constraints. By doing so, we recognized that a lineage existed at a certain point in time, but might have arisen well before that time (Warnock et al. 2012) . Based on these criteria, we chose 35 minimum age constraints (Supplementary Table S3 available on Dryad), using fossils that each represents the oldest known member of a group. For all analyses, this included the oldest angiosperm fossil pollen grains from the Valanginian-Hauterivian as a minimum constraint on the age of crown-group angiosperms (Magallón et al. 2015) . To investigate the joint prior on node times, we ran a replicate of our main analysis in which we sampled only from the prior (Warnock et al. 2012) .
For all of our main analyses, we implemented two soft maximum age constraints: (i) 126.7 Ma for the origin of eudicots (reviewed by Massoni et al. 2015a) , and (ii) 350 Ma for the root (divergence between angiosperms and gymnosperms). Magallón and Castillo 2009 argued that the latter maximum constraint is justifiable because it is younger than the Upper Devonian age of the oldest known fossil seeds (Elkinsia polymorpha) and older than the Lower-Upper Carboniferous age of the oldest presumed crown-group seed plants (Cordaitales). This age also corresponds approximately to the upper end of the 95% credibility interval of the age inferred for crown seed plants across a number of molecular-clock analyses of a data set representing major vascular plant lineages (Magallón et al. 2013) .
We replicated our main analysis of data set CP12 using different maximum age constraints to see the impact on inferred ages. First, we tested maximum ages of 300 Ma, an arbitrary value roughly corresponding to the end of the Carboniferous; 330 Ma, based on the estimated mean age of the seed plant crown group by Magallón et al. (2013) ; and 366.8 Ma, following Clarke et al. (2011) . We then tested the extreme maximum ages of 454 Ma, corresponding to the hypothesized oldest tracheophytes based on the oldest recorded trilete spores (Steemans et al. 2009 ), and 1024 Ma, corresponding to the oldest proposed age for land plants (Clarke et al. 2011 ). Additionally, we tested the effect of retaining the original maximum age of 350 Ma for the root, but implemented an additional maximum constraint for crown-group angiosperms of 248.4 Ma, which is based on the age of the first sediments preceding the oldest occurrence of angiosperm-like pollen (Clarke et al. 2011; Hochuli and Feist-Burkhardt 2013) . Finally, we used a much stronger maximum age constraint of 139.35 Ma for the angiosperm crown node. This corresponds to the upper bound of the 95% confidence interval on crowngroup angiosperms based on fossil data, as implemented by Magallón et al. (2015) . As with our main analysis of data set CP12, we looked for evidence of accelerated substitution rates in basal branches of the angiosperm clade. We did this by visual inspection of the rategrams from this analysis, and by plotting branch rates against the midpoint ages of branches from the corresponding chronogram.
All calibrations were implemented as uniform priors with soft bounds. These assign equal prior probability for all ages between specified minimum and maximum constraints, but have a 2.5% probability that the age is beyond each bound, with a heavy-tailed probability density based on a truncated Cauchy distribution (Yang and Rannala 2006; Inoue et al. 2010) . Compared with hard bounds, this approach has the advantage of allowing the molecular data to overcome poor calibrations, brought about by misinterpretations of the fossil record, when other good calibrations are present (Yang and Rannala 2006) . However, because most other molecular dating studies of plants have exclusively utilized hard bounds, we ran replicate analyses with calibrations implemented as hard bounds as a means of comparison. Most of the absolute ages used here as calibrations follow Gradstein et al. (2012) , including the most recent comprehensive synthesis of absolute dates for the Cretaceous (Ogg and Hinnov 2012) . The exceptions were two ages that were derived from 40 Ar-39 Ar radioisotope analysis of the locality in which fossils were found (Supplementary Table S3 available on  Dryad) .
We investigated the impact of using a non-uniform prior for fossil constraints. We used gamma priors (exponential and lognormal priors are not available in MCMCTREE), with each calibration having a mean equal to the age of each fossil +10% and an arbitrary standard deviation of 2 (Supplementary Table S3 available on Dryad). In all analyses using uniform calibration priors, our calibration for the angiosperm crown node provided a minimum constraint. However, once we implemented this constraint as a gamma prior 2017 FOSTER ET AL.-PHYLOGENOMIC TIMESCALE OF ANGIOSPERM EVOLUTION 343 using the method above, it effectively created a strong constraint on the age of this node. Therefore, as a form of comparison we replicated our analysis using gamma priors without any direct constraint on this node.
RESULTS AND DISCUSSION
Phylogenetic Relationships
The results from the RAxML analyses were consistent across the different data-partitioning schemes and were robust to the inclusion or exclusion of third codon positions. Each treatment yielded a strongly supported tree topology, with the majority of nodes receiving 100% bootstrap support (b.s.; Supplementary Figs . S1-S5 available on Dryad). The inferred topologies were largely congruent across analyses, with the exception of a few poorly supported and very short internal branches. These topologies also corresponded closely to the currently accepted, well-supported angiosperm tree (APGIII 2009; Moore et al. 2010; Soltis et al. 2011; Ruhfel et al. 2014) .
Few nodes were weakly supported (<80% b.s.), and these were generally restricted to deeper parts of the tree. One such example is the relationship between monocots, Ceratophyllum, and eudicots, which reflects the long-standing uncertainty about the placement of Ceratophyllum among angiosperms (discussed in Moore et al. 2007 ). There has also been uncertainty about whether Amborella or Amborella + Nymphaeales is the sister lineage to all other angiosperms (Wickett et al. 2014; Xi et al. 2014) . The most comprehensive analysis of the relationships among angiosperms (17 genes from 640 taxa) strongly supports a sister relationship between Amborella and all other angiosperms (Soltis et al. 2011 ). Our analysis of the chloroplast genome agrees with this, with all non-Amborella angiosperms forming a strongly supported clade, except in the analysis using the partitioning scheme from PartitionFinder (71% b.s.). The relationships of other early-diverging lineages were also well supported, with Amborella, Nymphaeales, Austrobaileyales, and magnoliids+Chloranthales being resolved as successive sister lineages; all with 100% bootstrap support. However, it is worth noting that two recent phylotranscriptomic studies based on the nuclear genome inferred a different topology for Mesangiospermae (i.e., all angiosperms except Amborellales, Nymphaeales, and Austrobaileyales), with monocots being placed outside a clade containing magnoliids, Chloranthales, and eudicots (Wickett et al. 2014; Zeng et al. 2014) . It is possible that such phylogenetic uncertainty might affect inferred ages in subsequent molecular dating analyses, which were based on a fixed tree topology.
Evolutionary Timescale of Angiosperms
We used a Bayesian relaxed-clock method to estimate the evolutionary timescale of angiosperms. Here, we report the results of our analyses of data set CP12, comprising the first and second codon positions of 76 protein-coding chloroplast genes, using an uncorrelated lognormal relaxed clock and what we considered to be the optimal settings ( Fig. 2; Supplementary Fig.  S6 available on Dryad). Our analysis yielded a mean estimate of 221 Ma (95% credibility interval: 253-192 Ma) for the age of crown angiosperms, suggesting an origin in the Triassic. This reflects the findings of many recent molecular dating studies of angiosperms (e.g., Bell et al. 2010; Magallón 2010; Clarke et al. 2011; Zeng et al. 2014; Beaulieu et al. 2015) . Our mean age estimates for the crown groups of Mesangiospermae, Chloranthales, magnoliids, and monocots suggest that diversification of these groups occurred over a period of approximately 27 myr from the early Jurassic ( Supplementary Fig. S6 available on Dryad). We inferred crown-group eudicots to have arisen in the early Cretaceous 154-136 Ma (we discuss further below the implications of this result with respect to the soft maximum age constraint applied to this node), with crown-group Rosidae and crowngroup Asteridae, two major subdivisions of the eudicots, arising 131-118 Ma and 124-108 Ma, respectively. These results were highly robust, with similar ages inferred even after 10-fold changes to the mean of the gamma priors for the overall rate parameter and rate variation across branches ( Fig. 3; Supplementary Figs . S7-S9 available on Dryad).
Sampling from the prior led to much older estimates for the ages of these nodes, suggesting that ages inferred in all other analyses are influenced by the signal in the data and not determined just by the fossil calibration priors ( Supplementary Fig. S10 available on Dryad). Additionally, constraining Amborella to be the sister group of Nymphaeales did not substantially change the inferred ages for crown-group angiosperms (constrained analysis: 245-186 Ma; unconstrained analysis: 253-192 Ma; Supplementary Fig. S11 available on Dryad). When implementing the autocorrelated relaxed clock, we inferred a slightly younger mean age of 206 Ma (236-176 Ma) for crown-group angiosperms, but inferred ages for most internal nodes were highly similar to those from analyses with the uncorrelated relaxed clock ( Supplementary Fig. S12 available on Dryad). We inferred the mean age of crown-group angiosperms to be 220 Ma when using the strict clock, which was similar to the results of analyses based on the two relaxed-clock models, but the 95% credibility interval of 226-215 Ma was much narrower, as expected (Ho et al. 2005; Brown and Yang 2011;  Fig. 3 ; Supplementary  Fig. S13 available on Dryad). The ages of nearly all nested subclades were inferred to be markedly older than with the relaxed-clock models. An exception is Magnoliidae, which was inferred to be considerably younger than in the other analyses, suggesting some form of potential rate heterogeneity between this group and the rest of the tree. Additionally, the age of the root, corresponding to the divergence between angiosperms and gymnosperms, was inferred to be unreasonably high (480-451 Ma), far beyond the soft maximum constraint of 350 Ma. However, because the strict-clock model Gentianales (3) Malvales (2) Laurales (3) Brassicales (5) Petrosaviales (1) Cucurbitales (2) Canellales (1) Poales (29) Alismatales (6) Buxales (1) Dioscoreales (1) Nymphaeales (3) Austrobaileyales (1) Caryophyllales (3) Fagales (5) Trochodendrales (2) Chloranthales (1) Liliales (5) Sapindales (3) Ranunculales (4) Rosales (6) Amborellales (1) Magnoliales (3) Malpighiales (5) Ericales (4) Lamiales (11) Dasypogonaceae (1) Asparagales (6) Oxalidales (2) Solanales (5) Piperales (1) Arecales (6) Fabales (10) Vitales (1) Ceratophyllales (1) Acorales (1) Outgroup (Acrogymnospermae)
Zingiberales (5) Proteales (3) Boraginaceae (1) Asterales (10) Paracryphiales (1) Apiales (10) Saxifragales (3) Myrtales (6) Geraniales ( was rejected, these ages are unreliable. Our results, taken collectively, point to an evolutionary timescale for angiosperms that is more protracted than suggested by the fossil record.
Our age estimates are also robust to the inclusion or exclusion of third codon positions. Our analysis of data set CP123 yielded mean age estimates that were slightly older than those from our analysis of data set CP12, although with generally narrower 95% credibility intervals ( Supplementary Fig. S14 available on Dryad). This suggests that saturation and heterogeneities in nucleotide composition are not substantially affecting our inferences, and that the additional data provided by the third positions might help to bracket the true ages more accurately (by increasing precision in estimates of branch lengths). However, we still found evidence of substantial saturation at third codon positions ( Supplementary Fig. S15 available on Dryad). Analysis of only third codon positions led to a far older mean age for crown-group angiosperms and several early-diverging lineages ( Supplementary Fig. S16 available on Dryad), which reflects suggestions that third codon sites might produce underestimates of basal branch lengths (Phillips 2009) . Taking this into consideration, we chose to focus on data set CP12 for all subsequent analyses.
Our estimate of the angiosperm evolutionary timescale is based on a large data set, reducing the stochasticity associated with limited gene or taxon sampling. To compare our results with those of previous studies based on small numbers of chloroplast genes, we analyzed several subsamples of data set CP12. Despite substantial reductions in the size of our data Age of crown node (Ma) Analysis FIGURE 3. A comparison of the ages inferred for important nodes across different analyses, based on different clock models, dating methods, and rate priors. All analyses used an uncorrelated relaxed clock with uniform calibration priors, unless otherwise stated. "Uncorrelated -CP12" and "Uncorrelated -CP123" columns refer to analyses of the first two codon positions and all three codon positions, respectively, using the uncorrelated lognormal relaxed clock with optimal settings. "Autocorrelated" and "Strict" refer to the different autocorrelated relaxed clock and strict clock models, respectively, that are available in MCMCTREE. "PL" refers to ages inferred using the penalized-likelihood method in r8s. "Higher rate" and "Lower rate" refer to analyses in which the mean of the gamma prior for the overall rate parameter was varied by an order of magnitude higher and lower from its optimal setting. "Higher 2 " refers to our analysis in which the mean of the gamma prior for rate variation across branches was varied to be an order of magnitude higher than its optimal setting.
Analysis
Age of crown node (Ma) set, the inferred ages for many groups were similar to those in the full data set. For the three-gene data set, the estimated crown age for angiosperms was slightly younger than that inferred in the analysis with optimal settings. Estimates of divergence times were younger overall, especially for the eudicots, with slightly wider 95% credibility intervals. However, there was little difference between the estimates from our main analysis of data set CP12 (with all 76 genes included) and from most other data subsamples, with highly congruent age estimates and 95% credibility intervals for many nodes in the tree (Fig. 4; Supplementary Figs . S17-S24 available on Dryad). The greatest improvements in precision following increased data sampling occurred at some shallow nodes, such as many in Poales, and in groups with fewer fossil calibrations. This suggests that opting to maximize the number of taxa, choosing a subset of informative genes, and choosing well-distributed, reliable calibrations might be a good strategy for molecular dating. Although we have not tested the effect of taxon sampling on estimated ages and their precision, increasing taxon sampling has a predictable positive effect on accuracy by allowing the inclusion of a larger number of independent informative fossil VOL. 66 calibrations (e.g., Magallón et al. 2015) . The beneficial effects of increasing taxon sampling on phylogenetic accuracy are well documented (e.g., Hillis 1998; Pollock et al. 2002; Heath et al. 2008) . However, the trade-off between taxon and gene sampling is still subject to the costs and benefits of each approach. Although the analytical cost is low in terms of raw computational hours, and the cost of generating large amounts of genetic data is decreasing rapidly, the expense of collecting material remains considerable.
The age of crown angiosperms can be overestimated when there is inadequate modelling of heterogeneous rates of molecular evolution and diversification (Beaulieu et al. 2015) . In particular, molecular-clock models might be unable to handle the rate variation associated with angiosperm life history, such as the herbaceous habit in some early-diverging lineages (Beaulieu et al. 2015) . However, our plots did not indicate any elevation of substitution rates in the early branches of the angiosperm tree ( Supplementary Fig.  S25 available on Dryad). The rategrams for each locus, corresponding to the first and second codon positions, did not reveal any clear patterns of elevated substitution rates along herbaceous lineages when compared with woody lineages (Supplementary Figs. S26 -S27 available on Dryad). When we removed all ancestrally or currently herbaceous taxa from the data set, we once again obtained age estimates that matched those from our analysis with the optimal settings ( Supplementary  Fig. S28 available on Dryad). Additionally, we inferred highly congruent ages for crown-group angiosperms and most internal nodes across all analyses where we varied the parameters of the tree prior to reflect different diversification rates ( Fig. 5 ; Supplementary  Figs . S29-S37 available on Dryad). Improved models of rate variation, including those that incorporate information from life-history traits, might lead to a clearer and more detailed picture of rate heterogeneity across angiosperms.
Penalized likelihood remains a commonly used method of estimating divergence times. A key advantage of this method is its speed compared with Bayesian methods, explaining why it remains one of the few relaxed-clock methods applicable to data sets comprising large numbers of taxa (Smith and O'Meara 2012; Zanne et al. 2014 ). The results we obtained when using penalized likelihood were similar to those of the Bayesian analyses ( Fig. 3; Supplementary Fig. S38 available on Dryad), but most of the mean age estimates were slightly older in the penalized-likelihood analysis, particularly when considering the ages of monocots and magnoliids. An important exception to this trend was crown-group Eudicotyledoneae, on which the (hard) maximum bound of 126.7 Ma forced a younger age. Similarly, the estimated ages of backbone nodes and some internal nodes within eudicots were marginally younger than in the Bayesian analyses. However, the uncertainty in these date estimates was much smaller than in the Bayesian estimates, as observed in previous studies where such a comparison was made (Sauquet et al. 2012; Massoni et al. 2015a ). For example, using penalized likelihood, crown-group angiosperms were estimated to have arisen 236-229 Ma, compared with 251-192 Ma in our main Bayesian analysis. These 95% confidence intervals are obtained by bootstrapping the data set, rather than being estimated directly from the data. Some authors have criticized the inability of penalized likelihood to account properly for the uncertainty in fossil calibrations (Yang 2006 FIGURE 5. A comparison of the ages inferred for important angiosperm nodes across different analyses, based on various parameter values for the birth-death prior on the tree. All analyses used an uncorrelated relaxed clock with uniform calibration priors; "0.1% Sampling," "1% Sampling," "10% Sampling," and "100% Sampling" refer to different values of the sampling proportion (s) parameter for the birth-death process tree prior. "No Extinction," "Half Extinction," and "High Extinction" refer to different parameterizations of the birth-death process tree prior with a death rate of zero, a death rate 50% of the birth rate, and a death rate 90% of the birth rate, respectively. "MC09 ε0" and "MC09 ε0.9" refer to different parameterizations of the birth-death process tree prior with low and high relative extinction rates, respectively, based on a published estimate of the diversification rate by Magallón and Castillo (2009) . The dashed horizontal lines indicate the estimated age of each node from the main analysis of data set CP12.
estimates of divergence times that are conditioned on the uncertainty in fossil calibrations, the priors, and the model parameters (dos Reis et al. 2016) .
Our estimated age for crown-group angiosperms is noticeably older (∼85 myr) than the oldest angiosperm crown fossils, which is consistent with previous molecular estimates and indicates either an incomplete fossil record or a bias in molecular dating analyses, or both. This problem has been addressed by many previous studies (e.g., Magallón 2010; Doyle 2012; Beaulieu et al. 2015; Magallón et al. 2015) and is unlikely to be resolved unless additional, older fossils are discovered, or new molecular dating methods produce younger age estimates. Considering this, it is crucial to investigate the impacts of fossil calibrations using the available molecular dating methods.
Evaluating the Impacts of the Fossil Calibrations
There are three main approaches that can be used to calibrate the angiosperm crown node for molecular dating. First, uniform calibration priors can be used to constrain the divergence between angiosperms and gymnosperms rather than to place a maximum constraint on the angiosperm crown node (e.g., Bell et al. 2010) . Uniform priors are comparatively uninformative because the node has an equal probability of taking any age between the minimum and maximum bounds. Using this approach typically leads to large 95% credibility intervals on date estimates, as observed in the present study. However, it is worth noting that well-calibrated data sets using uniform priors in a Bayesian relaxedclock framework tend to converge, for the first time, on a much older crown-group angiosperm age than was previously thought (but see suggestions of Triassic angiosperm fossils in Wang et al. 2007; Gang et al. 2016) .
A second common approach to calibrating the angiosperm crown node is to implement a soft maximum age constraint by using an informative prior that penalizes greater ages, such as exponential or lognormal calibration priors (e.g., Magallón et al. 2013) . Determining appropriate parameter values for these prior distributions is often a difficult exercise, however, because there is rarely sufficient fossil evidence to inform such a choice (Ho and Phillips 2009) . Nevertheless, for the sake of comparison, we investigated the effect of implementing all calibrations as gamma priors with a mean equal to the calibrating fossil age +10% and with an arbitrary standard deviation of 2. When using this approach, crown-group angiosperms were inferred to be far younger than when using uniform bounds, and the inferred age of 161-154 Ma is only ∼25 million myr older than the oldest crown-group angiosperm fossils ( Fig. 6; Supplementary Fig. S39 available on Dryad). This result is unsurprising, however, given that the crown age was so tightly constrained. Interestingly, the mean age estimates for most internal nodes were very similar to those inferred in our analyses using uniform age bounds, even for those nodes without any constraints.
Our analysis using gamma priors but without a direct constraint on the angiosperm crown node led to an older inferred age for crown-group angiosperms (mean age 242 Ma; 95% credibility interval 279-210 Ma), much closer to that of our reference analysis. The age estimates of other internal nodes were similar to those produced by the other analyses ( Supplementary Fig. S40 available on Dryad).
A third way to constrain the age of the angiosperm crown node is to implement priors based on assumptions about fossil preservation. Marshall (2008) proposed a method to establish the confidence interval that contains the true age of the clade in the tree with the most complete fossil record. The confidence interval is calculated using the minimum age of this clade (given by the oldest fossil), the number of branches in the phylogenetic tree represented in the fossil record, and the average number of localities from which each branch represented in the fossil record is known (see Marshall 2008; Magallón et al. 2015) . It is also possible to analyze fossil occurrence data in a Bayesian framework to estimate probability distributions for the timing of the origin of clades based on assumptions of fossil preservation (Silvestro et al. 2015) . The effectiveness of this approach is contingent upon the number of fossils, but it could be used to generate informative calibration priors for fossil-rich clades for use in molecular dating analyses.
The fossil-bracketing method of Marshall (2008) was the main approach used by Magallón et al. (2015) , who estimated a 95% confidence interval of 139.35-136 Ma for the angiosperm crown node and used this to specify a uniform calibration prior in a Bayesian uncorrelated relaxed-clock analysis. Their analysis yielded precise age estimates for deeper divergences in the tree. When we repeated our analyses with an age constraint of 139.35-138.7 Ma for crown angiosperms, for many nodes, we inferred ages with a similar precision to those estimated by Magallón et al. (2015;  Supplementary Figs . S41-S42 available on Dryad). This precision was to be expected, given the tight constraints placed upon all calibrating nodes in this analysis. However, the estimated ages for some nodes had low precision, such as that for crown-group Magnoliaceae (86.6-8.9 Ma), perhaps due to differences in taxon sampling and the smaller number of fossil calibrations in our analyses compared with that of Magallón et al. (2015) . When we plotted branch rates against their midpoint ages using this strong maximum constraint, we did not find any unusual trend of highly accelerated rates in early-diverging angiosperms ( Supplementary Fig. S43 available on Dryad). The rategram for codon position 1 indicates a potential large rate jump along the branch leading to crown-group Mesangiospermae, and another along the branch leading to the crown node of all non-Ranunculales eudicots ( Supplementary Fig. S44 available on Dryad). In contrast, the rategram for codon position 2 indicates a potential large rate jump along the branch leading to all non-Amborella angiosperms, and another along the branch leading to the crown node of A comparison of the ages inferred for important angiosperm nodes across different analyses, based on different calibration schemes. All analyses were based on an uncorrelated relaxed clock with uniform calibration priors, unless otherwise stated. Here "Gamma" refers to analyses with gamma calibration priors, with "Gamma WAC" (gamma without angiosperm calibration) analyses lacking a constraint on the angiosperm crown node. "Angio 248" refers to analyses with a maximum constraint of 248 Ma on the angiosperm crown node based on the age of the first sediments preceding the oldest occurrence of angiosperm-like pollen (Clarke et al. 2011; Hochuli and Feist-Burkhardt 2013) . "Max 300," an arbitrary value roughly corresponding to the end of the Carboniferous; "Max 330," based on the estimated mean age of the seed plant crown group by Magallón et al. (2013) ; "Max 366," following Clarke et al. (2011) ; "Max 454," corresponding to the hypothesized oldest tracheophytes based on the oldest recorded trilete spores (Steemans et al. 2009 ); and "Max 1024," corresponding to the oldest proposed age for land plants (Clarke et al. 2011) , refer to the different maximum age constraints placed on the node corresponding to crown-group seed plants. The dashed horizontal lines indicate the estimated age of each node from the main analysis of data set CP12.
Rosidae ( Supplementary Fig. S45 available on Dryad). It is also worth noting that in this analysis the soft bounds were not overcome. Although the fossil-bracketing method yielded estimates for divergence times within angiosperms that were congruent with those inferred in our unconstrained analyses, it forces an estimate of the angiosperm crown age that is probably too precise.
Maximum age constraints are often criticized because of their perceived arbitrariness and because they involve strong assumptions about the absence of taxa. For the majority of our analyses, we placed a conservatively high maximum bound of 350 Ma on the root of the tree. Substantial changes to this maximum age constraint did not strongly affect the estimated age of crowngroup ngiosperms. All of our mean age estimates for this node fell within the range of 227-217 Ma, despite being produced by analyses with maximum constraints that ranged from 248 Ma for crown-group angiosperms to 1024 Ma for crown-group seed plants ( Fig. 6; Supplementary Figs . S46-S51 available on Dryad). However, the 95% credibility interval on the crown-group age of angiosperms slightly increased in width with an increasing maximum age constraint on seed plants. The same pattern was observed with the 95% credibility interval on the estimated age of the root. Additionally, with increasing maximum age constraints the estimated mean age of this node increased substantially. For example, when the maximum constraint of 1024 Ma was used, we inferred the age of the root to be 518 Ma.
We also chose a maximum age for the eudicots of 126.7 Ma, corresponding to the first appearance of tricolpate pollen grains in the Barremian-Aptian boundary (126.3±0.4 Ma). This calibration has been widely used in the past (e.g., Soltis et al. 2002; Anderson et al. 2005; Magallón and Castillo 2009; Massoni et al. 2015a) , albeit with some controversy (Smith et al. 2010 ). There is a complete absence of any tricolpate pollen before this time, despite its conspicuous nature, and its abundance and diversity steadily increases worldwide from the Aptian onwards. This suggests that its usage as a maximum bound is justified if the assumptions of this approach are acknowledged (Doyle 2012 ). However, we inferred an age of 145 Ma (154-136 Ma) for eudicots, suggesting that they arose earlier than believed, with the signal in the data and the other fossil calibrations overcoming the soft maximum age of 126.7 Ma that we imposed. In contrast, there did not appear to be sufficient signal in the data to overcome a soft maximum of 139.35 Ma when placed upon crown-group Angiospermae.
Additionally, we replaced the soft bounds with hard bounds to investigate the effect on the resulting age estimates. This had the greatest effect on the inferred age of the eudicots, leading to a younger mean age estimate with a narrower 95% credibility interval. The mean age estimate for monocots was also slightly younger than when soft bounds were used, but mean age estimates for magnoliids and ANA-grade angiosperms were slightly older ( Supplementary Fig. S52 available on Dryad). It is worth noting that, despite hard maximum constraints being applied to both eudicots and the root, there was little impact on the inferred age for crown-group angiosperms. For a summary of inferred 2017 FOSTER ET AL.-PHYLOGENOMIC TIMESCALE OF ANGIOSPERM EVOLUTION 349 ages of important groups across all analyses within this study, see Supplementary Table S4 available on  Dryad. CONCLUSIONS Using analyses of near-complete chloroplast genomes, we have estimated that crown-group Angiospermae arose 221 Ma , in the mid-Triassic. This inferred age is at least ∼50 myr, and up to ∼110 myr, older than the oldest known fossils attributed to crowngroup angiosperms. However, an inferred Triassic origin of angiosperms is a common finding in modern, well-calibrated studies based on relaxed molecular clocks that do not directly constrain the age of the angiosperm crown node. Hence, we assessed a range of methodological factors that could lead to biased age estimates.
We found that our estimate of the angiosperm evolutionary timescale was robust to large reductions in the number of loci we sampled, and to substantial changes to most models and priors. However, age estimates remain dependent on the choice of fossil calibration priors, with informative gamma priors generally leading to younger, highly precise inferred ages compared with those inferred using less informative uniform priors. Collectively, these findings suggest that future studies should consider focusing on increased taxon sampling, especially in relatively undersampled clades, rather than aiming for large increases in the number of loci. Increased taxon sampling benefits molecular dating estimates by allowing a larger number of fossil calibrations for a broader range of taxonomic groups (e.g., Magallón et al. 2015) . Additionally, possible improvements in the accuracy of inferred ages through more representative taxon sampling might improve the ability to detect rate shifts within phylogenies (Beaulieu et al. 2015) .
In addition to increased taxon sampling, revision and refinement of the angiosperm evolutionary timescale are likely to come with significant methodological changes or with new information from the fossil record, including improvements in methods of modelling and incorporating fossil data. Recently developed methods are able to reconcile extinct and extant taxa in the same phylogenetic framework, allowing temporal information to be derived from fossils without the need for ad hoc calibration priors (Ronquist et al. 2012; Gavryushkina et al. 2014; Heath et al. 2014 ). This approach has been applied to Monocotyledoneae by analyzing genetic data from 118 monocot taxa while incorporating temporal information from 247 fossils using the fossilized birthdeath tree prior (Eguchi and Tamura 2016) . It is interesting to note that the ages inferred by Eguchi and Tamura (2016) are congruent with those we inferred in the present study, particularly for crown monocots Ma; present study: 160 [179-142] Ma). However, these methods require many morphological characters to be scored from both extinct and extant taxa. Until such morphological data are available, comprehensive evaluations of existing methods remain valuable, particularly given that the genomic era has brought a renewed focus on many historically challenging questions in biology. By utilizing genome-scale data for a large taxon sample with many fossil calibrations, and examining the effects of various priors, calibrations, and phylogenetic methods, we have been able to present a detailed evaluation of many of the potential methodological impacts on age estimates of one of the most important biological groups on the planet. 
